To determine the effectiveness of a progressively "skating specific" periodized off-season training program on skating performance in competitive hockey players. Methods: Twenty (M = 18; F = 2) highly skilled hockey players (age 15.9 ± 1.5 yr) completed 16 wk of standardized resistance and stability training supplemented with either off-ice simulated skating using the SkateSIM (SIM) or plyometric training (PLY) in a crossover design. Group 1 (PLY-SIM; N = 11) completed 8 wk of PLY followed by 8 wk of SIM. Group 2 (SIM-PLY; N = 9) completed 8 wk of SIM followed by 8 wk of PLY. Subjects completed on-and off-ice testing PRE, MID, and POST training. Results: Significant improvements in on-ice 35-m skating sprint (1.0%; P = .009) with significant improvements of 5% to 12% in various off-ice testing measures were observed PRE-MID in both groups. While few off-ice tests improved MID-POST, on-ice 35-m skating sprint times improved MID-POST by 2.3% (P = .000) with greater improvement in PLY-SIM (3.5%) versus SIM-PLY (0.8%; P < .002). Off-ice 30-m sprint (r = 0.56; P = .010) and Edgren side shuffle (r = -0.46; P < .040) were the only off-ice tests that significantly correlated to improvements in on-ice skating sprint performance.
The speed at which ice hockey is played has increased rapidly in recent years. This is in large part due to elite hockey players being physically bigger, stronger, and possessing superior fitness abilities than their predecessors. 1 Given the importance of physical performance, strength and conditioning coaches are challenged to develop effective off-season training programs. To complicate matters, the majority of hockey-specific programs appear to have evolved by trial and error. 1 Greater scientific evaluation of programs is needed to develop effective and appropriate hockey training strategies and tools. For sports such as hockey that require strength, power, and speed there is a need to combine heavy weight resistance training and high-power plyometric training because of the combined stimulus on the muscle and nervous system. 2, 3 The combination of these training methods has been shown to be equal, if not superior, to traditional methods used in isolation. 4, 5 Another important aspect of a periodized training program, as supported by current theory, is that the training program should become increasingly specific to the task required for competitive performance (ie, principle of specificity). [6] [7] [8] [9] [10] [11] [12] This fosters development of movement-specific training tools and programs, which better match the movement patterns, forces, velocities, and joint angles required for a complex sporting skill, such as skating. Also implied by the principle of specificity (though not rigorously tested), is that as a competitive season approaches, training specificity should gradually increase to maximize the transfer of training to performance (ie, progressive specificity).
Recent evidence from our laboratory indicates that primarily horizontal power and additionally lateral power, correlate to faster skating in competitive hockey players. 13 It is assumed that training these elements in isolation using resistance training and plyometrics, as may be done in standard hockey training, improves skating performance. A recently developed training tool combines these elements in one dynamic movement to maximize the specificity of training. 14, 15 The SkateSIM ( Figure 1 ) was designed to replicate the postero-lateral push-off angle and forward body lean necessary for powerful skating, combined with a resistance device to provide overload. Two pilot studies performed during the competitive season of both male and female varsity hockey players suggested that the SkateSIM enhanced skating performance. 14, 15 The overall conclusion from that work was that a larger study performed in the off-season with comparison with a suitable "standard hockey training" control, was required to adequately assess the effectiveness of the SkateSIM. Given the movement-specific nature of the SkateSIM, a training program that is progressively specific would have the greatest transfer of training adaptations to skating performance.
The objective of this study was to determine whether progressive specificity improves skating performance in skilled junior-age hockey players. Our hypothesis was that increased power training specificity over two 8-week phases of an off-season training program would have greater benefit than performing the same power training in reverse order.
Methods Subjects
Thirty-four competitive junior hockey players (M = 32; F = 2) between the ages of 15 and 22 with 10.2 ± 3.0 years of hockey playing experience participated in the study. Most players were competitive at the AA or AAA level. Subjects' mean ± SD for age, weight, and height were 16.4 ± 2.0 years, 70.4 ± 12.8 kg, and 174.5 ± 4.2 cm respectively. All subjects were contacted through various hockey teams and organizations in the area. The subjects were given an information brief outlining all the testing and training protocols. Subjects completed a consent form, PAR-Q, and questionnaire before testing and training began. The testing and training of subjects was approved by the Research Ethics Board of Acadia University.
Experimental Design
Subjects were rank-ordered and match-paired on skating performance before assignment into the two experimental groups. The two female participants were placed in separate groups. Both training groups completed a standardized full-body resistance training program including core and stability training (2× per week) throughout the 16-week study. Regular resistance training was supplemented with either plyometric (PLY) training or training on the SkateSIM (SIM). Supplemental training was completed 2× per week for 8 weeks. After 8 weeks of supplemental training, the PLY and SIM groups crossed-over and completed 8 additional weeks of either PLY or SIM training for a total of 16 weeks of training. Thus, Group 1 completed PLY-SIM training while group 2 completed SIM-PLY. During the period of the study, participants did not participate in any formal on-ice training. There was no ''standard" control group (ie, no training) for this study because withholding training from a group of elite hockey players can dramatically increase the risk of groin injury in the subsequent season. 16 Furthermore, previous studies have reported that a summer period without conditioning 17 results in no changes in vertical jump, 40-yd sprint, or on-ice sprint in similar developmental age athletes (14 to 16 year olds).
Testing
Testing and data collection were completed over the course of 3 days. Subjects were given opportunity to practice all on and off-ice tests before formal consent and formal testing. Participants practiced tests in the familiarization trial until competency and consistency was demonstrated to the researchers. The formal testing schedule was as follows: Day One-on-ice 35 m sprint; 18 Day Two-height, 19 weight, 19 vertical jump, 20 broad jump, 20 Hexagon agility, 20 and a 15-second modified Wingate; Day Three-Edgren side shuffle, 20 30-m sprint, 18 3 hop jump and pushups. 19 Tests without previously established standard measures are detailed below. For on-ice testing, participants were required to wear skates, helmet, elbow pads, gloves, and athletic pants and carried a stick. For off-ice testing, participants wore a t-shirt, shorts, and running shoes.
Timing for all relevant tests involved 3 testers with hand-held timers (Sportline Fitness Equipment, Campbell, CA), standing at the end line for the test. Subjects were tested in the same order for all trials. Each subject had to become motionless before commencing the trial. Time started on the athletes' first movement and finished when the torso crossed the finish line. The closest 2 of the 3 times were recorded and averaged. Each subject completed 2 trials of the test and the fastest trial of the 2 was used.
3-Hop Jump. The 3-hop jump test consisted of three broad jumps in a row with no pause between each jump (ie, continuous plyometrics). The subject performed each jump in a straight line trying to jump as far as possible. Subjects started with their toes behind the take-off line and were instructed to take off with 2 feet. The jump distance was recorded from the take-off line to the heel of the back foot and was recorded to the nearest 0.01 m. Each subject performed 2 trials, with the best trial being recorded. If subjects were unable to maintain their balance after the last jump, another trial was granted. This test was a measure of repeatable leg power development as required for explosive skating.
15-Second Modified Wingate.
A 15-second modified Wingate was performed on a Lode Excalibur Sport Cycle Ergometer (Lode B.V. Groningen, the Netherlands) using Wingate Computer Software (Lode B.V. Groningen, the Netherlands). For the modified Wingate, subjects pedaled at 50 rpm for 2 minutes before being given a 5-second countdown. At the zero mark, and instantaneous resistance was applied and subjects were instructed to accelerate against the resistance to top speed and to keep pedaling as fast as possible for the entire 15 seconds. Absolute peak power (W), minimum power (W), relative peak power (W/kg), relative minimum power (W/kg), and time to peak power (s) were calculated by the Wingate software.
Training
Full body resistance training was performed twice per week for the duration of the 16 weeks of the study. Training progressed from weight training on machines (Cybex Eagle, Boston, Massachusetts) for 4 weeks to free-weights for 4 weeks during each 8-week training cycle. During each 4-week phase on either machines or free-weights, the intensity was changed from two sets of 12 reps at 70% 1RM for the first 2 weeks, to two sets of 8 reps at 80% 1RM for the second 2 weeks. After the crossover point at 8 weeks, subjects retested their 1RMs and resumed training using the similar exercise program at higher absolute, but the same relative workloads as was completed during the first 8 weeks. Full body resistance training included 3 exercises for the lower body, 5 exercises for the upper body and 2 exercises for the arms.
SIM training was completed on the SkateSIM (Figure 1 ). The SkateSIM simulates the mechanics of the skating stride; an athlete bounds side to side while running down the parallel tracks of the device against resistance. Resistance was controlled by a "resistance device" (The Trainer, Team America Health and Fitness, Inc.) and based on the time it took to run down the length of the SkateSIM. Training was periodized from two sets of 2 repetitions at a light resistance to four sets of 4 repetitions at undulating resistances over the 8 weeks as previously 14 ( Table 1) . A medium or normal resistance resisted the subject to match the time needed to complete one SkateSIM run equal to the time required to skate 35 m. A low resistance produced an over-speed effect, meaning the time to complete a run was ∼10% faster than on-ice 35-m skating time. A hard resistance produced an overload effect, meaning the time to complete a run was ~10% slower than on-ice 35-m skating time.
PLY training involved the muscles and actions related to the biomechanics of the skating stride and approximately the same number of foot contacts, intensity, sets, reps, and total volume as SIM training (Table 2) .
Between sets of PLY and SIM training, a progressive core stability program was completed incorporating balance exercises, static holds, and dynamic abdominal exercises. Each stability sequence took approximately 2 minutes, and programs were identical between groups. SIM or PLY training was followed by weight training each day. 
Simulator resistance: L = Low (10% over speed), M = Medium (normal skating time), H = Heavy (10% over strength).
Statistical Analysis
A 2 × 3 ANOVA was completed on all testing variables to identify time, group, and interaction effects with a Tukey post hoc analysis on any significant findings. Data are expressed as means ± standard error for each testing variable. Absolute improvements in test variables were also used to correlate improvements in office performance to on-ice testing measures. Statistical significance was accepted at P < .05.
Results

Subject Characteristics
At the conclusion of the 16 weeks of the study, 20 subjects (PLY-SIM: N = 11; SIM-PLY: N = 9) had completed all components of the program and testing. Of the 14 not included, 2 subjects reported injuries unrelated to SIM or PLY training, 3 subjects had work or travel commitments that removed them from the study, and 2 subjects did not complete POST testing. Six additional participants did not meet the minimum of completing 80% of the prescribed workouts and 1 additional (Table 3) .
On-Ice Performance
The intertester variability (variation between 2 watches for a single trial) for the 35-m on-ice sprint test was 0.02 second (C.V. = 0.3%). For a subgroup of athletes testing 1 week apart for the on-ice test, the intertest reliability was 0.98 (C.V. = 1.0%).
There were significant improvements in on-ice 35-m sprint performance from PRE-MID, MID-POST, and PRE-POST of 1.0% (P = .009), 2.3% (P = .000), and 3.3% (P = .000) respectively for both groups (Table 4) . Individually, the PLY-SIM group had a 1.4%, 3.5%, and a 4.8% improvement, while SIM-PLY exhibited a 0.7%, 0.8%, and a 1.5% improvement in 35-m sprint performance from PRE-MID, MID-POST, and PRE-POST respectively. The PLY-SIM group's improvements in skating sprint performance from MID-POST were significantly greater (interaction; P = .002) than the improvements of the SIM-PLY group (Figure 2 ). This resulted in the PLY-SIM also having significantly greater (interaction; P = .004) skating improvements PRE-POST. Both these resulted in the PLY-SIM group being significantly faster than SIM-PLY at POST (P = .043).
Off-Ice Performance
The coefficient of variation for off-ice testing variables is similar in our laboratory compared with that reported elsewhere (C.V. ranging 1 to 4% for the tests indicated). 22 For a subgroup of athletes testing 1 week apart, the intertest reliability of the 30-m sprint and Wingate peak power tests were 0.98 and 0.96, respectively (C.V. = 0.8% and 4.0%). Weight (kg) 65.4 ± 2.0 66.8 ± 2.0 67.6 ± 2.1 † 69.7 ± 4.6 69.9 ± 3.7 71.6 ± 4.6 † Values represent mean ± SE. †Represents significant main time effects (P < 0.05) from PRE-POST. Specific P values found in results. PLY-SIM = plyometric followed by simulator training (n = 11); SIM-PLY = simulator training followed by plyometric training (n = 9); PRE = before training; MID = before crossover of training; POST = at the end of 16 weeks of training. PE = hockey playing experience. Represents a significant interaction effect (P < 0.05) from PRE-MID, 2 represents a significant interaction effect (P < 0.001) from MID-POST, and 3 represents a significant interaction effect (P < 0.05) from PRE-POST respectively. 4 Represents a significant (P < 0.05) difference in performance at POST. PLY-SIM = plyometric followed by simulator training (n = 11); SIM-PLY = simulator training followed by plyometric training (n = 9); PRE = before training; MID = before crossover of training; POST = at the end of 16 weeks of training; 35m S = on-ice skating sprint; 30m S = 30-m running sprint; VJ = vertical jump; BJ = broad jump; Hex = hexagon agility; Ed = Edgren side shuffle test.
Significant improvement in off-ice 30-m sprint performance (2.1%; P = .001), 3 hop jump (8.5%; P = .000), pushups (27%; P = .000), hexagon agility (9.5%; P = .000), Edgren side shuffle (9.5%; P = .000), Wingate absolute (8.6%; P = .000) and relative (6.5%; P = .014) peak power, relative minimum power (−5.9%; P = .008), and time to peak power (17%; P = .012) were observed PRE-MID in both groups. There were only significant improvements from MID-POST in broad jump (4.5%; P = .000) and hexagon agility (5.2%; P = .002; Table 4 and 5).
The combined results of both groups exhibited significant main effects for improved 30-m sprint at MID and POST relative to PRE. There was a significant interaction effect whereby off-ice 30-m running sprint performance was greater in the PLY-SIM group than the SIM-PLY (P = .042) with no other specific interactions.
Improvements in on-ice 35-m skating sprint performance were significantly correlated to improvements in off-ice 30-m running sprint performance (r = 0.56; P = .010) and Edgren side shuffle (r = -0.46; P = .040).
Discussion
The results of the study indicate that the initial 8 weeks of training produced similar significant improvements in off-ice testing performance and on-ice 35-m sprint performance in both groups. An initial 8 weeks developed a base level of training Represents a significant interaction effect (P < .01) from MID-POST and 3 from PRE-POST respectively. 4 Represents a significant difference in skating times between groups at POST. PLY-SIM = plyometric followed by simulator training (n = 11); SIM-PLY = simulator training followed by plyometric training (n = 9).
that failed to interact with a specific training stimulus. After 16 weeks of training, the group that followed progressive specificity in supplemental training (ie, PLY followed by SIM) produced greater improvements in skating sprint performance than a reversal of specificity. These data support our hypothesis that a progression in the specificity of exercise design, relative to a complex sport-specific performance task such as skating, is more beneficial (ie, greater transfer of adaptations from training to performance).
A combination of heavy weight training and high power movements or plyometrics is required for sports involved strength, power, and speed. 3 Adams et al 22 and Blakey & Southard 23 found that a combined program of weightlifting and plyometric training significantly increases hip and thigh strength and power production. The results of the current study support these findings, showing that the combined effects of resistance training and plyometric actions (either SIM or PLY) improved overall leg power (Wingate peak power, +8%), and power produced to move horizontally (3 hop jump, +10%) and laterally (Edgren, +10%). With regards to skating-specific performance increases, Greer et al 17 found that 7 weeks of hockey-specific training improved skating performance by 1%. Our results for a similar age group with a similar training duration over the first 8 weeks corroborate these findings. There were no significant differences between the two training groups in off-ice or on-ice testing variables at 8 weeks in our study. We consider that the resistance training combined with either of the supplemental training types were similarly "novel" to these participants and may have affected any modality-specific interactive training effects in the initial phase of the study.
A major focus of sport-specific training program design is to optimize transfer of training adaptations to functional "movement-specific" performance improvements. Training which becomes increasingly specific as the competition or evaluation period approaches shows the greatest augmentation in sports performance. [6] [7] [8] [9] [10] The primary variable to increase in performance over the final 8 weeks in this study was on-ice skating performance. Moreover, the present findings show that on-ice RPP (W/kg) 13.0 ± 0.6 13.9 ± 0.8* 13.8 ± 0.7 13.7 ± 0.6 14.5 ± 0.8* 14.0 ± 0.8 RMiP (W/kg) 9.4 ± 0. Values represent mean ± SE. * Represents significant time effects (P < 0.05) from PRE-MID and † from PRE-POST respectively. Specific P values found in results. PLY-SIM = plyometric followed by simulator training (n = 11); SIM-PLY = simulator training followed by plyometric training (n = 9); MID = before crossover of training; POST = at the end of 16 weeks of training; APP = absolute peak power; AMiP = absolute minimum power; RPP = relative peak power; RMiP = relative minimum power; TTPP = time to peak power.
skating sprint performance improved by 3.5% in the final 8 weeks in the progressive specificity (ie, PLY-SIM) group versus only 0.8% improvement in the reverse specificity group. This finding is both statistically and practically significant; the improvement in the progressive specificity group exceeded the smallest worthwhile enhancement (ie, 1/2 of the C.V. = 0.5%) by seven times, and the skating-specific performance improved at a time when most other "nonspecific" indicators of performance plateaued (ie, general strength, overall leg power and lateral power, vertical jump measures showed no differences in the second 8-week training phase in either group). The principle of diminishing returns states that performance gains are related to the level of training experience of the individual. In novice athletes, the onset of a training program typically produces rapid strength gains. 24 As the training continues, changes in strength and performance begin to slow and become more difficult to achieve. Although our participants were elite hockey players for their age group, most of these athletes initially were not advanced resistance trainers and therefore had limited exposure to advanced stability and plyometric training. In this instance, initial rapid adaptations were observed; push-up scores increased 24% in 8 weeks and performance improvements in other off-ice tests improved 5 to 12%. In the second 8-week training phase, most indicators of off-ice adaptations did not change substantially.
The design of the weight-training program possibly had an effect on the subsequent plateau in off-ice performance improvements, because the resistance training routine resumed using the same program as during the first 8 weeks of the study. Both groups repeated the same exercises, albeit at a higher absolute, but the same relative, workloads. We assumed that the weight training routine would have the most transfer to off-ice testing because this methodology was more general rather than specific to the task of skating. Although the higher absolute resistance used in the second 8 weeks may have been a novel load stimulus, the last 8 weeks did not differ in exercises and thus was not a novel movement pattern stimulus. This resulted in a plateau or attenuation of off-ice performance indicators, such as was the case for push-ups, Wingate peak power, Edgren, and vertical jump.
Progressive specificity appears the best approach to overcome the diminishing returns in off-ice adaptations. Progression from conventional hockey training to more skating-specific supplemental training optimized skating or "movementspecific" transfer through appropriate sequencing. Both groups improved skating sprint performance in the final 8 weeks, which may have occurred because of the crossover to a different (and now novel) supplemental training stimulus (PLY or SIM training). However, the 4-fold greater improvement for the progressive specificity group in the final 8 weeks, highlights the importance of continual progression toward more "movement-specific" training for elite athletes with a background in conventional training.
An interesting aspect of this study was that the PLY-SIM group also had significant improvements in off-ice 30-m sprint performance when compared with the SIM-PLY group. This may have occurred because off-ice sprint performance is consistently the best predictor of on-ice skating sprint performance. 13, 17, 25 Two factors which affect both skating sprint performance and off-ice sprint performance are stride rate and stride length. 26, 27 Stride length is achieved with greater levels of leg power, allowing one to forcefully extend in a stride, whereas stride rate is indicated by leg recovery speed. 26 In the current study, the progression from plyometric to SkateSIM training likely trained both of these aspects in sequence. We speculate this is the reason why off-ice running sprint performance increased significantly in the PLY-SIM group initially, followed by a marked transfer to improvement in on-ice 35-m sprint performance.
The only other significant off-ice testing variable that highly correlated to an improvement in on-ice skating sprint performance was the Edgren side shuffle. Recent research indicates that the Edgren is moderately correlated with on-ice skating performance (r = −0.55; P < .01). 13 The Edgren measures lateral mobility produced from relative leg power applied in a lateral direction. Biomechanical analysis of skating indicates that it is impossible to propel the body forward by pushing straight backward. To accelerate the body, a lateral or transverse force must be applied to the ice. 27 De Koning et al 28 found that a more sideward push-off takes place in the direction perpendicular to the gliding direction and that at full speed, the skater moves the feet laterally to the body. Although our previous work demonstrated that lateral power was a secondary correlate of skating performance behind horizontal power, 13 the observation that the Edgren test correlates with improvements in skating in this study identifies that lateral power production is probably a primary "weak link" for skating development in this age group of athletes.
Practical Application
For hockey development, changing power training techniques from a conventional plyometric training stimulus to a more specific stimulus (in this case, the SkateSIM) was an optimal method of attenuating the law of diminishing returns and thus greatly increasing on-ice skating performance. Although a 0.25-second reduction in skating time (as observed in the current study) may seem small, the practical application is that at full skating speed, this corresponds to a difference of 2 m over the distance tested (goal line to opposite blue line). Thus, the benefits of using a training tool that offers such an increase in skating performance can translate to a large difference in game performance, potentially the difference in winning a race to the puck to create a scoring chance.
A practical application of this research is that training exercises should simulate the movements required for a sport and add resistance to this pattern for overload and adaptation. There is a fine line between "training" and "skill" and the skatingspecific device used in this study was able to achieve overload in a biomechanically similar pattern to skating, without skating. This modality did not appear to adversely affect the "skill" of skating, which can be a criticism of adding resistance to on-ice skating for instance; however, future research would need to confirm that biomechanics are not affected by this or other forms of highly "skating-specific" training. The authors concede that training entirely for one movement in a sport requiring a varied range of movements, or training for one performance component (ie, peak power) in a sport requiring a range of physical and physiological capabilities is ill-advised; the use of one particular device or exercise is only one part of a well-designed "sport-specific," periodized program.
Conclusions
Power training progressing in specificity toward skating-specific training improved on-ice skating sprint performance 4× more effectively in the final phase of training, than a reverse specificity sequence of training. This highlights the importance of progressive specificity in periodized training program design. Off-ice 30-m running sprint and the Edgren side shuffle test were the best indicators of improvements in on-ice skating sprint performance, indicating that skating requires leg power translating to improved stride length and frequency in a postero-lateral push. This research also identifies that the running sprint and Edgren side shuffle are useful indicators of neuromuscular improvements in junior hockey players and therefore these tests may be appropriate to monitor improvements in skating performance after a period of off-ice training.
